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We report a search for Xð3872Þ and Xð3915Þ in Bþ → χc1π
0Kþ decays. We set an upper limit of

BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → χc1π
0Þ < 8.1 × 10−6 and BðBþ → Xð3915ÞKþÞ × BðXð3915Þ →

χc1π
0Þ < 3.8 × 10−5 at 90% confidence level. We also measure BðXð3872Þ → χc1π

0Þ=BðXð3872Þ →
J=ψπþπ−Þ < 0.97 at 90% confidence level. The results reported here are obtained from 772 × 106 BB̄
events collected at the ϒð4SÞ resonance with the Belle detector at the KEKB asymmetric-energy eþe−

collider.

DOI: 10.1103/PhysRevD.99.111101

The Xð3872Þ state was observed for the first time
by the Belle collaboration in 2003 via its decay to
J=ψπþπ− in the Bþ → J=ψπþπ−Kþ decays [1]. Its mass
ð3871.69� 0.17Þ MeV=c2, narrow width (Γ < 1.2 MeV)
[2], and other properties suggest it to be a nonconventional
cc̄ state. The Xð3872Þ has also been seen in other decay
modes:D0D̄�0, J=ψγ, ψð2SÞγ, and J=ψπþπ−π0 [3–7]. Very
recently, a new decay mode, χc1π0, was reported by BESIII
[8] in eþe− → χc1π

0γ. According to their measurement,
RX
χc1=ψ

≡BðXð3872Þ→ χc1π
0Þ=BðXð3872Þ→ J=ψπþπ−Þ¼

0.88þ0.33
−0.27 �0.10, where the first uncertainty is statistical

and the second is systematic. In comparison with conven-
tional charmonium, this ratio seems to be large; e.g.,
Bðψð2SÞ→J=ψπ0Þ=Bðψð2SÞ→J=ψπþπ−Þ¼3.66×10−3.
If the Xð3872Þ structure is dominated by a charmonium

χc1ð2PÞ component, we expect the branching fraction for
the pionic transition, Xð3872Þ → χc1π

0, to be very small
due to isospin breaking by the light quark masses [9],
significantly suppressed compared to that for Xð3872Þ →
χc1π

þπ− (R ≈ 4.0%). The BESIII result disfavors the
χc1ð2PÞ interpretation of the Xð3872Þ and suggests instead
a tetraquark or molecular state with a significant isovector
part in its wave function, which results in an enhanced
single-pion transition [9].
In the search for Xð3872Þ → χc1π

þπ− [10], the
Belle Collaboration determined the branching fraction
BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → χc1π

þπ−Þ to be

less than 1.5 × 10−6 at 90% confidence level (C.L.). In
addition, the Belle Collaboration observed Bþ → χc1π

0Kþ
and published the background-subtracted sPlot [11] dis-
tribution for Mχc1π

0, which showed no structure at the
Xð3872Þ mass. We use a similar technique to provide a
limit on RX

χc1=ψ
.

The Xð3915Þ was first observed, via its decay to J=ψω,
by the Belle Collaboration in B → J=ψωK decay [12]. The
quantum numbers of Xð3915Þ were identified to be JPC ¼
0þþ [13], suggesting it may be χc0ð2PÞ. If Xð3915Þ is
χc0ð2PÞ, its width should be larger [14]. However, the
measured width (20� 5 MeV=c2) [2] is significantly
narrower than theoretical expectations (>100MeV=c2).
The J=ψω is also expected to be suppressed by the
Okubo-Zweig-Iizuka (OZI) rule in the χc0ð2PÞ scenario
[15]. A JPC ¼ 2þþ assignment is also consistent with
our observation [16]. If Xð3915Þ is a nonconventional cc̄
state, then one may expect the single pion transition
to be enhanced in Xð3915Þ decays as compared to
charmonium, where it is suppressed due to isotopic
symmetry breaking.
In the study reported here, we reproduce the previous

result forBþ → χc1π
0Kþ [10,17], search for the intermediate

statesX [X denotesXð3872Þ andXð3915Þ], and measure the
product branching fraction BðBþ→XKþÞ×BðX→χc1π

0Þ.
We use a sample of 772 × 106 BB̄ events collected with

the Belle detector [18] at the KEKB asymmetric-energy
eþe− collider, operating at the ϒð4SÞ resonance [19]. The
Belle detector is a large-solid-angle spectrometer, which
includes a silicon vertex detector (SVD), a 50-layer central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter
(ECL) comprised of 8736 CsI(Tl) crystals located inside
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a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return yoke located outside the
coil is instrumented to detect K0

L mesons and identify
muons. The detector is described in detail elsewhere [18].
Two inner detector configurations were used. A first sample
of 152 × 106 BB̄ events was collected with a 2.0-cm-radius
beam pipe and a 3-layer SVD, and the remaining
620 × 106 BB̄ pairs were collected with a 1.5-cm-radius
beam pipe, a 4-layer SVD and a modified CDC [20].
We use EVTGEN [21] with QED final-state radiation by

PHOTOS [22] for the generation of Monte Carlo (MC)
simulation events. GEANT3-based [23] MC simulation is
used to model the response of the detector and determine
the efficiency of the signal reconstruction. Signal MC is
used to estimate the efficiency and selection criteria for
reconstructing Bþ → Xð→χc1π

0ÞKþ decay.
We reconstruct the Bþ → χc1π

0Kþ decay mode with the
same selection criteria as those used in the previous
analysis [10]. To suppress continuum background, we
require the ratio of the second to the zeroth Fox-
Wolfram moment [24] to be less than 0.5. Charged tracks
are required to originate from the vicinity of the interaction
point (IP): the distance of closest approach to the IP is
required to be within 3.5 cm along the beam direction and
within 1.0 cm in the plane transverse to the beam direction.
An ECL cluster is treated as a photon candidate if it is
isolated from the extrapolated charged tracks, and its
energy in the lab frame is greater than 100 MeV. We reject
a photon candidate if the ratio of energy deposited in the
central 3 × 3 square of cells to that deposited in the
enclosing 5 × 5 square of cells in its ECL cluster is less
than 0.85. This helps to reduce photon candidates origi-
nating from neutral hadrons.
The J=ψ meson is reconstructed via its decay to lþl−

(l ¼ e or μ) and selected by the invariant mass of the lþl−

pair (Mll). For the dimuon mode,Mll is the invariant mass
Mμþμ− ; for the dielectron mode, the four-momenta of all
photons within 50 mrad cone of the original eþ or e−

direction are absorbed into theMll ≡Meþe−ðγÞ to reduce the
radiative tail. The reconstructed invariant mass of the J=ψ
candidates is required to satisfy 2.95 GeV=c2 < Meþe−ðγÞ <
3.13 GeV=c2 or 3.03 GeV=c2 < Mμþμ− < 3.13 GeV=c2.
For the selected J=ψ candidates, a vertex-constrained fit is
applied to the charged tracks and then a mass-constrained fit
is performed to improve the momentum resolution. The χc1
candidates are reconstructed by combining a J=ψ candidate
with a photon. To reduce background from π0 → γγ, a
likelihood function is employed to distinguish isolated
photons from π0 daughters using the invariant mass of the
photon pair, photon energy in the laboratory frame and
the polar angle with respect to the beam direction in the
laboratory frame [25]. We combine the candidate photon
with any other photon and then reject both photons of a pair
whose π0 likelihood is larger than 0.8. For further analysis,

we keep the χc1 candidates with a reconstructed invariant
mass satisfying 3.467 GeV=c2 < MJ=ψγ < 3.535 GeV=c2,
which corresponds to ½−4.5σ;þ2.8σ� about the nominal
mass of the χc1 [2], where σ is the χc1 mass resolution from
the fit to the MC simulated J=ψγ mass distribution. To
improve the momentum resolution a mass-constrained fit is
applied to the selected χc1 candidates.
Particle identification is performed using specific ioni-

zation information from the CDC, time measurements from
the TOF, and the light yield measured in the ACC. Charged
kaons and pions are identified using the K likelihood ratio,
RK ¼ LK=ðLK þ LπÞ, where LK and Lπ are likelihood
values for the kaon and pion hypotheses [26]. Kaon tracks
are correctly identified with an efficiency of 89.4%,
whereas the probability of misidentifying a pion as a kaon
is 10.1% for Bþ → Xð3872Þð→ χc1π

0ÞKþ.
Photon pairs are kept as π0 candidates whose invariant

mass lies in the range 120 MeV=c2 < Mγγ < 150 MeV=c2

(�3σ about the nominal mass of π0). To reduce combina-
torial background, the π0 → γγ candidates are also required
to have an energy balance parameter jE1 − E2j=ðE1 þ E2Þ
smaller than 0.8, where E1 (E2) is the energy of the first
(second) daughter photon in the laboratory frame. For each
selected π0 candidate, a mass-constrained fit is performed
to improve its momentum resolution.
To identify the B meson, two kinematic variables

are used: the beam-energy-constrained mass Mbc and
the energy difference ΔE. The former is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam=c

2 − ðPip⃗iÞ2
p

=c and the latter as
P

iEi − Ebeam,
where Ebeam is the beam energy and p⃗i and Ei are the
momentum and energy of the ith daughter particle in the
center-of-mass (CM) frame; the summation is over all
final-state particles used to reconstruct the B candidate. We
reject candidates having Mbc less than 5.27 GeV=c2 or
jΔEj > 120 MeV. After the reconstruction, an average of
1.24 B candidates per event is found. When there are
multiple B candidates in one event, we retain only the
candidate with the lowest χ2 value defined as:

χ2 ¼ χ2V þ χ2
π0
þ
�

MχcJ −mχcJ

σχcJ

�

2

þ
�

Mbc −mB

σMbc

�

2

;

where χ2V is the reduced χ2 returned by the vertex fit of all
charged tracks, χ2

π0
is the reduced χ2 for the π0 mass-

constrained fit, MχcJ is the reconstructed mass of χcJ, and
mχcJ and mB are the nominal masses of the χcJ and B
mesons, respectively. This method has 95% efficiency for
selecting the true candidate.
We extract the signal yield from an unbinned extended

maximum likelihood (UML) fit to the ΔE distribution.
The signal probability density function (PDF) is modeled
by a sum of a Gaussian function and a logarithmic Gaussian
function [27]. The mean and width of the core Gaussian
with larger fraction are floated and the remaining
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parameters of tail distribution are fixed from studies of MC
simulation.
To study the background from events with a J=ψ , we use

MC-simulated B → J=ψX sample corresponding to 100
times the integrated luminosity of the data sample.
Possible peaking backgrounds from the feed-across ofBþ →
χc2π

0Kþ are found in theΔE distribution around−50 MeV,
which are due to the mass-constrained fit to χc1 → J=ψγ
candidates; we estimate that only five such events are
expected in real data. Thus, we fix this peaking background
contribution in the fit. ThePDF for thepeakingbackground is
modeled by an asymmetric Gaussian distribution for which
the parameters are fixed according to MC simulation after
MC/data correction (using the signal events whosemean and
sigma of the core Gaussian are floated).
The rest of the background is combinatorial and modeled

by using a first-order Chebyshev polynomial. The fit to the
ΔE distribution for Bþ → χcJπ

0Kþ is shown in Fig. 1(a).
We obtain 806� 69 signal events for the Bþ → χc1π

0Kþ
decay mode, which is consistent with our previous study
[10]. In order to improve the resolution on the invariant
mass of the combined χc1 and π0 candidates (Mχc1π

0), we
scale the energy and momentum of the π0, such that ΔE is
equal to zero while the Mπ0 is kept constant to its already
mass-constrained value. This corrects for the incomplete
energy measurement of the π0 detection. The corrected
four-momentum of the π0 is then used to improve the
invariant mass Mχc1π

0 and MKþπ0 .
To search for the X, we examined the background-

subtracted Mχc1π
0 distribution produced with the SPlot

technique [28] for the range (3.75 GeV=c2 < Mχc1π
0 <

4.05 GeV=c2) as shown in Fig. 1(b). Figure 1(c) shows
the MKπ0 SPlot distribution in the range of interest
(3.75 GeV=c2 < Mχc1π

0 < 4.05 GeV=c2), where most
events come from the K� decays.
In order to extract the X signal yield, we use the

Mχc1π
0 distribution within the signal-enhanced window of

−30 MeV < ΔE < 20 MeV for Bþ → ðχc1π0ÞKþ candi-
dates. We veto events from Bþ → χc1K�þ decay by
rejecting events with 791.8 MeV=c2 < MðKþπ0Þ <
991.8 MeV=c2. This requirement reduces the background
by 32% with a signal efficiency of 84%. We extract the
signal by performing a 1D UML fit to the Mχc1π

0 distri-
bution. The signal PDFs for both Xð3872Þ and Xð3915Þ
are modeled by the sum of two Gaussians. All the PDF
parameters are fixed from the MC simulation after
a MC/data correction estimated from the Bþ →
ψð2SÞð→χc1γÞKþ sample is applied [29] (the mean and
sigma of the core Gaussian were fixed after scaling, while
the tail parameters were fixed from signal MC).
The efficiency (ϵ) is estimated to be 5.35% and

5.37% for Bþ → Xð3872Þð→χc1π
0ÞKþ and Bþ →

Xð3915Þð→χc1π
0ÞKþ using the MC simulations, respec-

tively. This efficiency has been calibrated by the difference
between MC simulation and data, as described later. A fit to
the data shown in Fig. 2 results in a signal yield of 2.7� 5.5
(42� 14) events having significance of 0.3σ (2.3σ) for the
Bþ→Xð3872Þð→χc1π

0ÞKþ (Bþ→Xð3915Þð→χc1π
0ÞKþ)

decay mode. The systematic uncertainty (explained later)
has been included in the significance calculation.
With the absence of any significant signal, we estimate

an upper limit (U.L.) at 90% C.L. We apply a frequentist
method that uses ensembles of pseudoexperiments. For a
given signal yield, sets of signal and background events
are generated according to their PDFs and fits are per-
formed. The C.L. is determined from the fraction of
samples that give a yield larger than that of data. We
estimate the branching fraction according to the formula
B ¼ YU:L:=ðϵ × Bs × NBB̄Þ; here YU:L: is the estimated U.L.
yield at 90% C.L., ϵ is the reconstruction efficiency, Bs is
the product of secondary branching fraction taken from
Ref. [2], and NBB̄ is the number of BB̄ mesons in the data
sample. Equal production of neutral and charged B meson
pairs in the ϒð4SÞ decay is assumed. For this assumption,
an uncertainty of 1.2% is added to the total systematics.
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FIG. 1. (a) The ΔE distribution for the B0 → χc1π
0Kþ decay mode for the whole Mχc1π

0 range. The curves show the signal
(red dashed), the peaking background (magenta double dotted-dashed) and the background component (green dotted for combinatorial)
as well as the overall fit (blue solid). Background-subtracted SPlot (b) Mχc1π

0 and (c) MKþπ0 distributions (in 3.75 GeV=c2 <
Mχc1π

0 < 4.05 GeV=c2 signal window) for the Bþ → χc1π
0Kþ decay mode. Points with error bar represent the data.
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We estimate the U.L. on the product of branching
fractions BðBþ → Xð3872ÞKþÞ × BðXð3872Þ → χc1π

0Þ
directly from the above MC pseudoexperiment samples.
The limit includes the systematic uncertainties from effi-
ciency, particle identification, and signal extraction method
into the yield obtained by smearing the assumed values by
their uncertainties. Along with that we also smear the NBB̄
and secondary branching fraction by adding their system-
atic uncertainties as a fluctuation of the value used to
calculate the branching fraction. Using the MC pseudoex-
periment samples we estimate the U.L. (90% C.L.) on the
product branching fraction as:

BðBþ→Xð3872ÞKþÞ×BðXð3872Þ→ χc1π
0Þ< 8.1×10−6

BðBþ→Xð3915ÞKþÞ×BðXð3915Þ→ χc1π
0Þ< 3.8×10−5:

To measure the RX
χc1=ψ

, we use the previous Belle
measurement of BðBþ→Xð3872ÞKþÞ×BðXð3872Þ→
J=ψπþπ−Þ¼ð8.63�0.82ðstatÞ�0.52ðsystÞÞ×10−6 [30].
Some of the systematic uncertainties cancel, such as lepton
identification, BðJ=ψ → llÞ, some tracking systematics,
and kaon identification. The U.L. on RX

χc1=ψ
is estimated in

the same manner as that on BðBþ → Xð3872ÞKþÞ×
BðXð3872Þ → χc1π

0Þ. We remove the cancelled systematic
uncertainties and smear the pseudoexperiments with the
remaining ones. We further smear BðBþ → Xð3872ÞKþÞ ×
BðXð3872Þ → J=ψπþπ−Þ by its statistical uncertainty and
uncancelled systematic uncertainties. For each toy sample,
RX
χc1=ψ

is estimated for the generated RX
χc1=ψ

. The C.L. value
is then determined from the fraction of samples of
pseudoexperiments having RX

χc1=ψ
larger than the central

value of data. We estimate the U.L. to be RX
χc1=ψ

< 0.97
at 90% C.L.
Table I summarizes systematic uncertainties for the

measured product branching fraction BðBþ → XKþÞ ×
BðX → χc1π

0Þ and the ratio RX
χc1=ψ

. A correction for the
small difference in the signal detection efficiency between
MC and data is applied for the lepton identification
requirements, which are determined from eþe− →
eþe−lþl− and J=ψ → lþl− (l ¼ e or μ) samples.
Dedicated D�þ → D0ðK−πþÞπþ samples are used to esti-
mate the kaon (pion) identification efficiency correction.
The uncertainty on the efficiency due to limited MC
statistics is 0.5%, and the uncertainty on the number of
BB̄ pairs is 1.4%. The uncertainty on the track finding
efficiency is found to be 0.35% per track by comparing data
and MC for D� → D0π decay, where D0 → K0

Sπ
þπ− and

K0
S → πþπ−. The uncertainty on the photon identification is

estimated to be 2.0% from a sample of radiative Bhabha
events. The systematic uncertainty associated with the
difference of the π0 veto between data and MC is estimated
to be 1.2% from a study of the Bþ → χc1ð→ J=ψγÞKþ

sample. For π0 reconstruction, the efficiency correction and
systematic uncertainty are estimated from a sample of τ− →
π−π0ντ decays. The errors on the PDF shapes are obtained
by varying all fixed parameters by �1σ and taking
the change in the yield as the systematic uncertainty.
The largest uncertainty in the PDF parameterization for
Xð3872Þ [Xð3915Þ] is 30% (ðþ15

−17%Þ) from fixing the mass
(width) of the Xð3872Þ [Xð3915Þ] to the value reported in
Ref. [2]. In order to estimate the uncertainty coming from
the background shape, we used a third-order polynomial
and took the difference as the uncertainty. Further, we also
used large fitting range and added the difference in
quadrature to the uncertainty coming from signal extraction
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FIG. 2. 1DUML fit to theMχc1π
0 distribution in the−30 MeV <

ΔE < 20 MeV signal region for the Bþ → ðχc1π0ÞKþ decay
mode. The curves show the Bþ → Xð3872Þð→χc1π

0ÞKþ signal
(magenta dashed),Bþ → Xð3915Þð→χc1π

0ÞKþ signal (red double
dotted-dashed), and the background component (green dotted for
combinatorial) as well as the overall fit (blue solid). Points with
error bar represent the data.

TABLE I. Summary of the systematics uncertainties for the
BðBþ → XKþÞ × BðX → χc1π

0Þ and RX
χc1=ψ

.

Source

B (%)

RX
χc1=ψ

(%)Xð3915Þ Xð3872Þ
Lepton identification 2.3 2.2 � � �
Kaon identification 1.0 1.0 � � �
Efficiency 0.5 0.5 2.2
BB̄ pairs 1.4 1.4 � � �
B production 1.2 1.2 � � �
Tracking 1.1 1.1 0.7
γ identification 2.0 2.0 2.0
π0 veto 1.2 1.2 1.2
π0 reconstruction 2.2 2.2 2.2
Signal extraction þ16.1

−19.5
þ37.0
−44.4

þ37.1
−44.5

Secondary B 3.0 3.0 2.9

Total þ17.0
−20.2

þ37.4
−44.7

þ37.4
−44.8
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procedure. The uncertainties due to the secondary branch-
ing fractions are also taken into account. Assuming all the
sources are independent we add them in quadrature to
obtain the total systematic uncertainties.
To summarize, in our searches for Xð3872Þ and Xð3915Þ

decaying to χc1π
0, we did not find a significant signal. We

obtained 2.7� 5.5 (42� 14) events, with a signal signifi-
cance of 0.3σ (2.3σ) for the Bþ → Xð3872Þð→ χc1π

0ÞKþ

(Bþ → Xð3915Þð→ χc1π
0ÞKþ) decay mode. We determine

an U.L. on the product branching fractions BðBþ →
Xð3872ÞKþÞ × BðXð3872Þ → χc1π

0Þ < 8.1 × 10−6 and
BðBþ →Xð3915ÞKþÞ×BðXð3915Þ→ χc1π

0Þ< 3.8×10−5

at 90% C.L. The null result for our search is compatible
with the interpretation of Xð3872Þ as an admixture state of
a D0D̄�0 molecule and a χc1ð2PÞ charmonium state [9].
One can further estimate RX

χc1=ψ
< 0.97 at 90% C.L. Our

U.L. does not contradict the BESIII result [8]. This
information can be used to constrain the tetraquark/molecu-
lar component of the X states.
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